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This discussion focuses on our recent approaches at aiming to optimize surface-enhanced
Raman scattering (SERS) activity for transition metals (group VIII B elements), by
intentionally fabricating desired surface nanostructures or synthesizing nanoparticles. The
SERS activity of transition metals critically depends on the surface morphology of
electrodes and on size, shape and aggregation form of nanoparticles. A correct surface
roughening procedure for transition-metal electrodes is indispensable for fabricating
cauliflower-like nanostructures that show a higher SERS activity. Two more methods have
been explored to synthesize nanoparticles, i.e., cubic nanoparticles and gold-core
palladium-shell nanostructures, respectively. Their SERS activities are considerably higher
than those of normal spherical mono-metallic nanoparticles. To explain these observations,
a preliminary theoretical calculation, using the three-dimensional finite difference time
domain (3D-FDTD) method, was performed to evaluate the local electromagnetic field on
transition metal surfaces. The result is in good agreement with the experimental data.
1. Introduction
Since the mid-1990s, surface-enhanced Raman scattering (SERS) has greatly advanced and gained
wider application that has renewed interest in the technique. There have been several new and
exciting developments, e.g., SERS of a single molecule, nanostructures and transition metals, tip-
enhanced Raman scattering (TERS), surface-enhanced hyper-Raman scattering (SEHRS), ultra-
violet-excited SERS (UV-SERS), in addition to wide SERS applications in biology, medicine,
materials science and electrochemistry. The latest progress has been presented in a special issue of
Journal of Raman Spectroscopy published recently.1 They clearly identify SERS as an important
subject not only for Raman spectroscopy and surface science but also for nanoscience. However, in
spite of the fact that more than four thousand papers on SERS have been published in the past three
decades, surface-enhanced Raman spectroscopy has not developed into a widely accepted routine
technique by the broad scientific communities (e.g., spectroscopy, surface science, analytical science
and material science). In order to achieve such a goal and gain acceptance of the whole community,
improvements in the following three areas seem to be essential: (i) stability and reproducibility of
SERS active substrates, (ii) quantitative levels in theory and methods, and (iii) extension of its
practical applicability to a wide variety of materials.
Indeed, while great efforts have been directed to these areas since the 1970s, progress has been
tortuous mainly due to the fact that SERS is one amongst the most complicated subjects in
nanoscience. SERS, in most cases, involves multiple interactions and strong couplings of light–
molecule– nanoparticles (–nanostructures). From a theoretical point of view, it is very difficult to
quantitatively elucidate such a complex system, although there have been some good quantitative
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theories available dealing with interaction of light–nanoparticle, light–molecule or molecule–
nanoparticle. As has been found experimentally, the SERS intensity is critically dependent on
surface nanostructures and the size and shape of nanoparticles as well as their aggregation form.
Unfortunately, a high SERS-active substrate normally suffers from instability of a ‘hot spot’ that
leads to poor potential and temperature reversibility during the measurements. It should be pointed
out that typical SERS substrates, i.e. Cu, Ag and Au metals, have poor surface stability because
their surface atoms are mobile, especially under laser illumination or potential excursion. By
contrast, Pt group metals not only have better surface stability but, more importantly, also possess
surface chemistry and physics vital to modern technology. Therefore, it is most desirable to extend
SERS study and application to these metals.
Since the mid-1990s, our group has made various approaches to optimize the detection sensitivity
of a confocal Raman microscope and, further, to develop surface roughening procedures for
different transition metals, such as Pt, Rh, Pd, Fe, Co and Ni, through which good-quality surface
Raman signals could be obtained.2 As a consequence, it has become feasible to carry out SERS
investigations on diverse molecules at many transition-metal substrates.3,4 However, it must be
emphasized that the SERS activity of transition metals is still rather weak. The enhancement factor
ranged from one to four orders in magnitude. We have found that the success of obtaining SERS
critically depends on sample preparations.5 Moreover, a roughened electrode surface in general has
a broad distribution of surface geometry with varying sizes ranging from nanometres to microns.
Thus, which portion (or scale) of surface geometry plays a major role in observed SERS activity?
This is often a hotly debated issue. For developing SERS into a meaningful and routine technique, it
is essential to explore other fabrication methods for controllable nanostructures, and to further
enhance the SERS activity, particularly for transition metals.
Ever-expanding techniques in nanoscience have provided a great opportunity to fabricate a wide
variety of nanostructures with controllable size and shape.6,7 Apart from roughening of surfaces,
there have been several impressive progresses in fabricating SERS substrates with ordered
nanostructures by using lithography or template methods.8–11 The simplest way to make ordered
nanostructures with controllable size and shape is preparative methods in solution. The use of this
solution synthesis approach to make transition-metal nanoparticles for SERS studies can be traced
back to the original works of Parker et al.12 and Srnová et al.13 who synthesized Rh and Pd sols and
then made SERS measurements, respectively. Later, Guo et al. paved the way for making Fe
nanoparticles, which were dispersed on electrode surfaces for an electrochemical SERS study.14
Recently, Gómez et al. and Kim et al. obtained high quality SERS spectra from Pt and Pd
nanoparticles dispersed on electrode surfaces.15,16 Nevertheless, this approach is still in its
developing stage. The transition metal nanoparticles synthesized for SERS studies were very
limited in size and shape; they were all of a spherical shape with a size smaller than 20 nm. Since
SERS effects are optical phenomena strongly dependent on size and shape,17–19 it is essential to
further explore other alternative methods capable of controllably synthesizing a series of nano-
particles with various sizes and shapes to optimize the SERS activity.
In this discussion, emphasis is placed on recent work carried out by our group in the direction
outlined above. First of all, we will present the optimization of electrochemical roughening
procedures to generate SERS on transition-metal electrode surfaces. Then, we will describe two
approaches to prepare nanoparticles of transition metals, i.e., Pt nanoparticles with cubic shape and
bimetallic core-shell nanoparticles with an Au core covered with Pd shell (Au@Pd). These three
nanostructures, possessing special surface morphologies or special shapes and structures, show a
higher SERS activity than those of transition-metal systems previously studied by us. To explain the
experimental observations, a three-dimensional finite-difference time-domain (3D-FDTD) method
was used to calculate and evaluate local electric fields on transition-metal surfaces in comparison
with that of ‘free-electron’ metals.
2. Experimental
The Raman instrument employed in the present study is a LabRam I confocal microprobe Raman
system. The system utilizes a backscattering configuration to collect Raman signals through a
microscope vertically. The microscope uses a 50 long working-length objective (the working
distance is 8 mm and the NA is 0.55) so that the objective will not be immersed in the electrolyte























































solution for in situ electrochemical Raman measurements.5,20,21 The excitation wavelength was
632.8 nm provided by an air-cooled He–Ne laser. The laser power can be adjusted and the laser spot
size is B2 mm.
For obtaining good quality SERS spectra from transition-metal surfaces, it is essential to
optimize the detection sensitivity in every aspect. Since the collection efficiency of the system is
greatly dependent on the optical alignment, an accurate design of the spectroelectrochemical cell is
critical. While it should have minimum loss of signal, it also should not impede the electrochemical
process. Overall, the optimization of the microscope objective and the confocal setup can improve
the sensitivity of a Raman system by a factor of more than one order of magnitude.5 This value is
essential for obtaining a weak signal from transition-metal systems.
High-resolution transmission electron microscope (TEM) images of nanoparticles were collected
on a Tecnai F30. Energy dispersive X-ray spectroscopy (EDS) was measured on a spectrometer
attached to the TEM instrument.
All electrodes used in this study were made by a metal wire or rod sealed into an inert Teflon
sheath. Before the electrochemical activation procedure, the electrode surface was first mechanically
polished using a decreasing size of alumina powder down to 0.3 mm, rinsed with ultra pure water,
and sonicated to remove adhering alumina. The potential was controlled by a XDII potentiostat
(Xiamen University) during electrochemical roughening and Raman measurements. The cyclic
voltammograms were recorded on a computer-controlled CHI 631A electrochemical workstation
(CH Instruments). A square-wave function was generated by a GFG-8016G function generator
(Good Will Instrument). All potentials are quoted with reference to a saturated calomel electrode
(SCE). All the chemicals used were of analytical reagent grade and the solutions were prepared
using Milli-Q water.
In order to perform electrodynamic calculations of light scattering from particles of an arbitrary
shape, several methods have been utilized: these include the finite element method (FEM), the
discrete dipole approximation (DDA), finite-difference time-domain (FDTD) method and T-matrix
methods.22–24 Among them, FDTD is a powerful tool to simulate the distribution of the
electromagnetic field around the illuminated nanoparticles or substrate with an arbitrary geometry
by numerically solving Maxwell’s equations. In this work, we will perform mainly the theoretical
simulation of the local electric field on transition-metal surfaces and nanoparticles by using the
three dimensional FDTD (3D-FDTD) method. To obtain the necessary parameters like static
permittivity, infinite frequency permittivity, conductivity and the relaxation time, we fit them to the
complex permittivity of metals25 for the optical frequency range under investigation. Their
relationship can be described by the general Drude model as follows,





where es, eN, s, t represents the static permittivity, the infinite frequency permittivity, the
conductivity and the relaxation time, respectively; o is the angular frequency of the excitation
light and e0 is the permittivity of free space. A more detailed description on the theoretical treatment
will be given elsewhere.26
3. Results and discussion
SERS from Pt and Rh electrodes with cauliflower-like morphologies
It is well known from previous SERS studies on Au, Ag and Cu that a necessary, but not sufficient,
requirement for a large surface enhancement is some form of surface roughness. The surface
pretreatment is even more important for obtaining surface Raman signals from transition metals
that are considered as non- or weak-SERS active. Since transition metals are distinctly different
from ‘free-electron’ metals in terms of their electronic structures and chemical reactivity, it is
imperative to develop different kinds of electrochemical oxidation–reduction cycling (ORC)
procedures to optimize the SERS activity of transition metals.
The conventional ORC procedure for Ag, Au and Cu is essentially based on the dissolution and
re-deposition of surface atoms. However, this method does not work with Pt-group metals since
they are very stable and easily form a compact oxide layer on the surface that prevents further























































oxidation of the surface. Following the unique square-wave potential method proposed by Arvia
and co-workers,27 we have developed roughening methods for Pt and Rh electrodes that exhibit
reasonable SERS activities.20,28 The basic principle is to form a thick hydrous Pt (or Rh) oxide layer
on the surface as a result of the exchange of the surface oxygen with the bulk metal atoms. This
leads to further oxidation of inner layers below the surface upon applying a repetitive periodic
potential to the Pt electrode surface. Then, the electrode is reduced at 0.2 V to form the Pt surface
nanostructure.
After electrochemical roughening, the Pt electrode is subjected to an electrochemical cleaning to
remove all unstable particles and ad-atoms in the potential range 0.30 to 1.25 V at a scan rate of
0.5 V s1 until a reproducible cyclic voltammogram is obtained. A Pt electrode treated in such a way
shows the best stability and reversibility during electrochemical SERS measurements. The SERS
signal can be recovered almost completely on returning the potential to a more positive value even
following a very negative potential excursion. Hence this Pt electrode can be reused for a long time
as long as it is subjected to an electrochemical cleaning procedure (i.e. cycling in a H2SO4 solution)
before each new experiment.
After a series of systematic studies, we found that SERS signals of reasonably good quality can be
obtained from Pt surfaces pretreated using the following experimental parameters; the potential
wave form is Ered = 0.20 V, Eox = +2.4 V, f = 2 kHz performed in freshly prepared 0.5 M
H2SO4 solution. The surface roughness can be controlled by the roughening time ranging from a
few seconds to several minutes depending on the purpose of the studies. An STM image of a
roughened Pt surface exhibiting high SERS activity is given in Fig. 1a which clearly shows that the
Pt surface presents a very rough but quite uniform structure consisting of bumps as high as 200 nm.
If we zoom onto a small area, some fine structures (around 10–20 nm) on these 200 nm bumps can
be seen. Furthermore, we found that SERS from this surface is quite uniform and reproducible
from spot to spot, that ensures that the vibrational properties of the adsorbate probed by surface
Raman spectroscopy is reasonably representative of the entire surface rather than certain special
spots or sites.
The Rh electrode is more difficult to roughen by applying a similar square-wave potential, i.e.,
under such conditions which have been effective for obtaining a Pt electrode of high surface area
and moderate SERS activity. Through a number of exploratory experiments, we found that a
rhodium surface could be effectively roughened in 0.5 M H2SO4 by applying a square-wave current
of 1600 mA cm2 and 950 mA cm2 at a frequency between 200–800 Hz for about 2 min.
Thereafter, its electrode potential was held at 0.2 V until the completion of the surface
electroreduction. It should be emphasized that in the case of the controlled current method the
Fig. 1 STM (a) and AFM (b) images of electrochemically roughened Pt and Rh electrodes, respectively.























































reaction rate on the electrode surface is well controlled, so that the oxidation and reduction rates are
defined. This method strikingly contrasts to the conventional potential controlled method by which
oxidation and reduction rates change with time. The AFM image of a Rh surface according to such
a roughening procedure is shown in Fig. 1b, in which some small nanoparticles with diameters in the
range of 10–20 nm on the 120 nm particles are visible. It is apparent that a surface with a
cauliflower-like morphology shows the highest SERS activity. Indeed, a similar phenomenon is also
observed from the Ni and Co systems.
To explain these experimental observations, the electric field enhancement of SERS-active Rh
systems was estimated by using the 3D-FDTD method. The cauliflower-like nanoparticle was
modeled by a 120 nm sphere studded with many 20 nm semispheres, as shown in Fig. 2. In the
FDTD method, the space containing the simulated model is discretised using elements called the
‘‘yee cell’’.24 In order to accurately simulate a detailed nanostructure of Rh nanoparticles, the yee
cell size used in our calculation was set to be 1  1  1 nm, which was much smaller than the size of
relevant nanoparticle features. The step size of time was set as 1.73 attoseconds, and the number of
the periods of the incident sinusoidal plane wave was set to be 8 to guarantee the calculation
convergence, which could be judged by checking whether near-zone electric field values have
reached a steady state. The amplitude of the sinusoidal plane wave was set to be 1 V m1 in the
calculation, and the excitation wavelength, 632.8 nm.
Shown in Fig. 2 are the calculated electric field distribution on the surface of a Rh sphere with a
diameter of 120 nm (Fig. 2a) and that of the same size but covered with 20 nm semispherical
particles to represent the cauliflower-like nanoparticle (Fig. 2b). It can be seen that the magnitude of
the maximally enhanced electric field on the cauliflower nanoparticle is 8.7 V m1. This is about 8–9
times higher than that of the incident light, and the highest enhancement usually appears at the apex
of small semispheres in the ‘‘cauliflower’’. Since the enhancement factor can be approximated as
G = [EL(oi)/Ein(oi)]
2[EL(os)/Es(os)]
2, it means that a ca. 6  103 fold surface-enhanced Raman
signal can be obtained on those sites. In this approximation, we neglected the influence of the
frequency shift of the Raman scattering light on the field enhancement. Note that the magnitude of
maximum electric field enhancement is just about 4 times larger than the incident light for the
smooth sphere under the same excitation conditions. This means that the maximal enhancement
factor for the cauliflower-like nanoparticle is about 17 times larger than that for the smooth sphere.
It is of special interest that the field enhancement is not enhanced significantly at the junction
point as we expected due to the coupling effect between small semipheres for the cauliflower-like
nanostrucutre. This indicates that the field enhancement is very sensitive to the geometry of
synthesized nanostructures of SERS substrates. This different field enhancement could be under-
stood on the basis of the lightning rod effect, which usually results in a relatively large electric field
Fig. 2 FDTD simulated electric field distribution for spherical (a) and cauliflower-like (b) Rh nanoparticles.
The incident beam illuminates along the y direction with x-polarization.























































enhancement near high curvature sites on the surface.29 The more systematic simulation on various
models correlated to cauliflower-like nanostructures has been under way in order to have a better
understanding of the phenomenon.
It is well known that the electromagnetic enhancement mechanism is largely contributed to by the
localized surface plasmon resonance of nanoparticles for Au, Ag and Cu metals.11,18 The
conduction electrons in these nanoparticles can be driven effectively by a visible light to oscillate
collectively, generating a strong electromagnetic field near the surface of the metal nanoparticle. To
meet the conditions of good surface plasmon resonance, the metal usually needs a small value of the
imaginary component of the dielectric constant. This is impossible for the transition metals because
of their large values of the imaginary part of dielectric constants in the visible light region.
Fig. 3 illustrates dramatic differences in the SPR character between single Pt and Ag elliptical
nanoparticles. The calculation method is based on a two dimensional model proposed by Chu and
Wang.30 It is clear that SERS of Pt does not show any distinct character of surface plasmon
resonance, and the enhancement factor just shows a slight variation with the change of the incident
photon energy. That means, unlike silver nanoparticles, the SERS intensity of Pt does not vary
much with the change of the excitation wavelength in the visible light region. Our experimental
results have also confirmed this prediction. The Pt substrate shows almost the same SERS
enhancement if we turn the excitation laser from 632.8 nm (1.96 eV) to 514.5 nm (2.41 eV) while
keeping all other conditions unchanged.
SERS from Pt nanoparticles with a cubic shape
Considering that the SERS activity is strongly shape dependent, we have studied transition-metal
nanoparticles with some special shapes. Recently, El-Sayed and coworkers reported a series of
investigations on synthesizing aqueous colloidal solutions of Pt nanoparticles in various shapes by
using hydrogen gas as the reducing agent in water.31,32 The dominant shape that has been
synthesized in their product is a cube that has 6 {100} faces. It is of especial interest to examine
if Pt nanocubes have a higher SERS activity.
Cubic Pt nanoparticles were prepared according to the method of Rampino and Nord33 and
Henglein et al.34 Briefly, to a solution of 8 105 MK2PtCl4 in 250 ml of water was added 0.2 ml of
0.1 M sodium polyacrylate. The solution was first degassed by Ar gas for 20 min and then bubbled
with H2 gas at a high flow rate for 5 min to reduce Pt ions. The reaction vessel was then sealed
Fig. 3 Dependence of the surface enhancement factor (SEF) for single Ag and Pt elliptical nanoparticles on the
incident photon energy. The semi-minor axis and aspect ratio of spheroids are 20 nm and 2 : 1, respectively. The
probe molecule is assumed to be located at the tip of the spheroids.























































immediately and left overnight for (a) slow reaction and crystal growth. After about 12 h, the
solution turned lightly golden indicating the formation of Pt nanoparticles.
Fig. 4a shows the TEM image taken with a typical sample of such Pt nanocubes self-assembled on
the surface of a TEM grid. It shows a good uniformity and a narrow size distribution. These
nanocubes have a mean edge length of ca. 15 nm with a standard deviation of 3 nm. The electron
diffraction pattern is obtained by directing the electron beam perpendicular to one of the square
planes of a cube (not shown here). The square symmetry of this pattern indicates that each
nanocube was a single crystal bounded mainly by {100} facets.
For further studying electrochemical behavior and SERS activity, we used a simple drop-coat
method; a small drop of a sol was dropped on a smooth glassy carbon surface then dried on site
completely in the air at ambient temperature. Both the cyclic voltammogram (not shown here) and
potential dependent SERS spectra (see Fig. 4b) of a Pt nanocubes/GC electrode show that its
electrochemical behavior and SERS character are very similar to those obtained from an ORC
roughened Pt electrode. It is important to note that the SERS intensity from the former is about one
order of magnitude higher than that from the latter. Furthermore, we found that the Pt nanocubes/
GC electrode is also more SERS-active than a Pt nanospheres/GC electrode.
In order to understand the unusually high SERS activity generated from Pt nanocubes assembled
on a glassy carbon surface, it is worth evaluating the interparticle coupling effects since these cubic
Pt nanoparticles are closely connected to each other at the surface, as can be seen in Fig. 4a. When
two Pt nanoparticles approach each other, classical electromagnetic theory predicts that a coherent
interference of the enhanced field around each particle will result in a dramatic increase in the
E-field in the junction between them. Again, the 3D-FDTD method was adopted to simulate the
interparticle coupling of Pt nanoparticle dimers.
Fig. 5 represents the geometric model in our calculation. On the basis of the TEM image of cubic
Pt nanoparticles, the edge length of nanocubes is set to be 15 nm, and the gap between two
nanocubes to 1 nm which is just enough to accommodate a layer of molecules. The incident vector is
depicted in the figure and the polarization is parallel to the axis along the particle pair (x axis).
It can be seen clearly from the calculation result that the magnitude of the electric field reaches the
maximum in the gap region in both the sphere (Fig. 5a) and cube models (Fig. 5b). This is in good
agreement with the work of Käll and coworkers35 and Brus and coworkers17 that a nanoparticle gap
or junction can produce a very large enhancement. The theoretical calculations by Käll and
coworkers36,37 and Martin and coworkers38 can adequately explain the experimental phenomena.
Fig. 4 (a) A TEM image of Pt nanocubes. (b) The potential dependent SER spectra obtained from Pt
nanocubes using SCN as the probe molecule in aqueous solution containing 0.01 M NaSCN and 0.1 M
NaClO4.























































In the present study, the electric field enhancement is about 12 in the gap of the two Pt spheres
while it is about 7 in the gap of the cubes. This corresponds to SERS enhancement factors of 2 104
and 2.4  103 in the gap for the two shapes, respectively. However, it should be pointed out that the
effective volume in the junction that can offer the largest SERS enhancement is much more limited
in the case of spheres compared with that of cubes. The whole area of the cube in the gap region has
enhanced uniformly, as shown by the red color in Fig. 5. This fact results in a stronger total SERS
signal from nanocubes than from nanospheres.
SERS from Au-core Pd-shell nanoparticles
To synthesize Pt-group metal nanoparticles with sizes larger than 20 nm, a seed-induced growth
method was often used.39,40 A metal nanoparticle serves as a seed (core) in a solution where a
second metal ion is chemically reduced on the core surface in situ to form a shell layer resulting in a
core-shell nanoparticle. The size of the core-shell nanoparticles can be controlled by adjusting the
ratio of the amount of the seed to the second metal ion. Very recently, we carried out preliminary
studies on Au-core Pd-shell (Au@Pd) nanoparticles with controllable sizes from 35 to 100 nm; these
were prepared by chemical deposition of Pd over pre-formed 12 nm Au seeds.41 The main reason we
chose this bimetallic system is that Pd is an important material in catalysis but unfortunately shows
the weakest SERS activity among the transition metals already studied.42 Two early-stage
experimental observations were not overly encouraging: first of all, the SERS activity from these
core-shell nanoparticles did not show clear size dependence. Secondly, the SERS intensity was just
comparable to that from the monometallic Pd nanoparticles with a diameter of around 4 nm
reported by Perez’s group.15
These results steered us in another direction incorporating a strategy of ‘‘borrowing’’ SERS
activities from Au cores. This idea in fact was initiated in an attempt to use non-SERS active
materials as substrates for SERS in the 1980s.43–45 One of the most effective ways has been to utilize
the long-range effects of electromagnetic enhancements created by SERS-active Ag or Au substrates
Fig. 5 FDTD simulations of the electric field magnitude distribution in the yz plane at x = 0 excited by
1 V m1 of a 632.8 nm laser. The excitation polarization is along the x-axis.























































underneath an ultra-thin layer of transition metals. Consequently, a relatively high SERS activity of
transition-metal nanoparticles may be obtained. Here we report a preliminary study on the SERS
activity of Au@Pd nanoparticles.
In the present study, we used relatively large Au particles as seeds and coated with a thinner Pd
shell. Gold seeds with an average diameter of 55 nm (as determined by TEM) were prepared by a
standard citrate-reduction method.46 The Au@Pd nanoparticles were then synthesized according to
the following protocol: first, the as-prepared 55 nm gold seeds were added into a flask containing 1.0
mMH2PdCl4 solution, which was cooled down to ca. 4 1C in an ice bath. Secondly, 10 mM ascorbic
acid was added slowly into the stirred mixture which was stirred for another 15 min to ensure
complete reduction of palladium ions to coat Au seeds to form Au@Pd nanoparticles. The
thickness of the Pd shell can be controlled simply by changing the concentration ratio of H2PdCl4
to Au sols. The SERS substrate for electrochemical studies was prepared by dispersing a few drops
of the concentrated Au@Pd sols on a glassy carbon electrode surface, which was then dried in a
desiccator to form a SERS-active Au@Pd nanoparticle/GC electrode.
Fig. 6 gives the TEM and STEM images of Au@Pd nanoparticles with the thickest Pd shell; i.e.,
thick enough so that the core and shell can be clearly distinguished. The TEM image shows a dark
core surrounded by a light-color shell while the STEM image presents a light core and a black shell.
They both demonstrate that the nanoparticles have an expected core-shell structure, and that the
thickness of the shell is quite uniform.
To examine the SERS activity of these Au@Pd nanoparticle/GC electrodes, we used CO as the
probe molecule; the SER spectra obtained on such nanoparticles with different Pd shell thickness
are shown in Fig. 7A. All the spectra were acquired at 0.2 V in 0.1 M HClO4 solution saturated with
CO. Two strong bands centered at about 1945 and 2050 cm1 are attributed to the CO stretching of
the bridge- and linearly-bonded CO, respectively. As CO band positions are very sensitive to the
nature of the metal, they can be used to identify the property of the substrate. Considering the
essential absence of a band at ca. 2110–2135 cm1 corresponding to the stretching of CO bound to
Au, we can rule out the spectral interference from the encapsulated core. It clearly demonstrates the
uniformity and pinhole-free nature of the Pd shells.
With the aim of exploring the potential use of the nanoparticles, it is of interest to study the SERS
dependence on structural elements, the shell thickness and the core size. Fig. 7B gives a plot of the
SERS intensity as a function of the shell thickness. The SERS activity was observed to decay
exponentially with increasing shell thickness, which is similar to our previous observation from Rh
layers electrodeposited on a SERS-active Au substrate.47 The UV-Vis data (not shown here) also
indicate that the surface plasmon band of Au is gradually damped with the increasing thickness.
The most important feature in Fig. 7 is that the highest SERS activity of these Au@Pd
nanoparticles can reach up to about 1000 counts per second (cps), which is remarkably higher
than that of a roughened Pd electrode (5 cps) and mono-metallic Pd nanoparticles (60 cps). It clearly
demonstrates that a major contribution to the phenomena comes from the long-range effect of a
strong electromagnetic field generated by the Au core. It also confirms that the core-shell
Fig. 6 TEM (left) and STEM (right) images of 55 nm-Au@6.8 nm-Pd nanoparticles.























































nanoparticle with a very thin shell could be a suitable nanostructure with a high SERS activity for
transition-metal systems.
4. Concluding remarks
We have fabricated and shown that cauliflower-like Rh and Pt nanostructures, Pt nanocubes and
Au core-Pd shell nanoparticles exhibit a considerably higher SERS activity than those of randomly
roughened electrode surfaces and nanoparticles with a normal spherical shape. A theoretical
computation using 3D-FDTD has been applied to these systems and confirmed that a larger local
electromagnetic field can be generated at these special nanostructures of transition metals. The
calculations also demonstrate that the SERS activity is critically dependent on the shape, size and
interparticle spacing of nanostructures and particles. The field enhancement is very sensitive to the
geometry of nanostructures. The interparticle coupling plays an important role for the aggregated
nanoparticles while the lightning-rod effect seems to be more important for the cauliflower-like
nanostructure.
The advanced theories and models48–50 could be very useful not only to describe the localized
surface plasmon resonance of complex nanostructures but also to guide the fabrication of
nanostructures and surface assembly of nanoparticles. It is even more important to develop a
model combining classical electrodynamic enhancement effects with molecular quantum dynamics
to quantify various molecular cross-sections and spectral properties.51 It should be noted that we
have restricted the present theoretical simulation on the basis of EM enhancement only. Consider-
ing that many molecules and ions can be adsorbed more strongly at transition metal surfaces in
comparison to that at noble metal surfaces, we should expect that the chemical enhancement52,53 is
probably cooperative in these transition-metal-based systems. This will be our goal in future studies.
In spite of the fact that the solution synthetic method is the most versatile way to produce a wide
range of nanoparticles with various shapes, or to form surface nanostructures by the simple drop-
coat method, the formed SERS substrates often suffer from instability. For typical Ag and Au sols,
the particle shape, size and aggregation form are in general changeable because their surface atoms
are easily mobile. While Pt group sols and surface nanostructures have better surface stability. As a
consequence, the reproducibility for SERS measurements can be improved to some extent.
Nevertheless, it is very difficult to control the surface assembly of solution-synthesized nano-
particles to form well-ordered surface nanostructures, especially in a desired interparticle spacing.
By contrast, lithography and template methods show great promise for the direct fabrication of
well-ordered and stable nanostructures on the surface.8–11,54–57 It is desirable to further develop
methods which combine the advantages of the solution synthesis and template fabrication. Overall,
many fascinating opportunities could emerge from the ever-expanding and fast-developing
Fig. 7 (A) SERS spectra of CO adsorbed on 55 nm Au@Pd/GC with different Pd thicknesses (a) 0.35 nm,
(b) 0.7 nm. (c) 1.7 nm (d) 3.4 nm (e) 6.8 nm of the Pd shell at 0.2 V in 0.1 MHClO4. (B) Integrated intensity of the
C–O stretching band of the bridge-bonded CO as a function of the Pd shell thickness.























































nanoscience techniques. We are optimistic that SERS will develop into a versatile and powerful tool
serving the frontier sciences. i.e., surface science, material science, life science, analytical chemistry,
electrochemistry and catalysis.
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